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Abstract The historical development of ice nucleating particle concentrations (NINP) is still unknown.
Here, we present for the first time NINP from the past 500 years at two Arctic sites derived from ice core
samples. The samples originate from the EUROCORE ice core (Summit, Central Greenland) and from the
Lomo09 ice core (Lomonosovfonna, Svalbard). No long-term trend is obvious in the measured samples,
and the overall range of NINP is comparable to present-day observations. We observe that the short-term
variations in NINP is larger than the long-term variability, but neither anthropogenic pollution nor volcanic
eruptions seem to have influenced NINP in the measured temperature range. Shape and onset temperature
of several INP spectra suggest that INP of biogenic origin contributed to the Arctic INP population
throughout the past.
1. Introduction
The Arctic is one of the regionsmost sensitive to climate change, and changes are proceeding at an unprece-
dented pace and intensity (Serreze & Barry, 2011). Surface air temperature, the most prominent variable
to indicate Arctic change, increased almost twice as fast in the Arctic compared to the rest of the globe
since the midtwentieth century (Overland et al., 2011; Serreze & Barry, 2011). This enhanced warming phe-
nomenon is referred to as Arctic Amplification. Arctic peculiarities, such as extended snow and ice cover,
low elevation of the atmospheric boundary layer, and abundance of low-level clouds, together withmultiple
feedback mechanisms, like the surface albedo, water vapor, or cloud feedback, are known to contribute to
the enhanced climate sensitivity of the Arctic. However, the relative importance, strength, and interconnec-
tion of these peculiarities and feedback mechanisms are still disputed (Pithan &Mauritsen, 2014; Serreze &
Barry, 2011).
Clouds with their specific microphysical properties and the cloud phase (liquid water droplets or ice crys-
tals) are one of the key factors of Arctic Amplification, because they affect the energy budget of the Arctic
boundary layer. They tend to warm the surface by reflecting long-wave radiation (Intrieri, 2002; Shupe &
Intrieri, 2004) and consequently can enhance sea ice melt (Vavrus et al., 2011). This in turn can lead to
increased evaporation and cloud formation, a feedback that might accelerate in the future (Liu & Key, 2014;
Park et al., 2015). A reduced ice cover promotes biological activity in the marine (Arrigo et al., 2008) as well
as in the terrestrial environment (Hinzman et al., 2005), which goes hand in hand with the alteration of
aerosol particle sources, that in turn may affect clouds and their properties.
Clouds in theArctic are in amixed-phase state for about 50%of the time; that is, they consist ofwater droplets
and ice particles at the same time (Intrieri, 2002; Pinto, 1998; Shupe et al., 2006, 2011; Turner, 2005). Despite
the unstable nature of mixed-phased clouds, owing to the Bergeron-Findeisen effect, which describes the
growth of ice crystals at the expense of liquid droplets, Arctic clouds are extraordinarily long-lived and extend
over large areas (Morrison et al., 2011). This makes them important players for the Arctic radiative budget.
Primary ice formation in mixed-phase clouds takes place through heterogeneous ice nucleation (IN); that
is, ice nucleating particles (INPs) are needed to induce freezing of supercooled cloud droplets (Pruppacher
& Klett, 2010), and hence, they affect precipitation, lifetime, and radiative properties of clouds (Loewe et al.,
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2017; Ovchinnikov et al., 2014; Prenni et al., 2007; Solomon et al., 2015). Generally, two main sources for
atmospheric INP are thought to exist: mineral dust, primarily material from deserts or soils, and biogenic
macromolecules originating from bacteria, fungi, lichen, marine biota, and pollen. Mineral dust particles,
while being abundant in number, are mostly ice active at temperatures (T) below −20 ◦C, whereas bio-
genic INP tend to nucleate ice at higher temperatures of up to −5 ◦C (Augustin-Bauditz et al., 2016; DeMott
et al., 2003, 2016; Kanji et al., 2017; Murray et al., 2012; Si et al., 2018). However, very little is known about
the abundance, nature, properties, and sources of INP in the Arctic and how they might change with a
changing climate.
Studying the variations of INP concentrations and properties over the past centuries might hence help to
better understand potential future changes. Currently, knowledge about historical changes in INP con-
centrations does not extend far beyond a few decades. Even present-day measurements of INP number
concentrations (NINP) are still scarce in the Arctic regions and they usually cover only short periods of time.
Ice cores are a type of climate archive that is widely used to reconstruct and understand Earth's atmo-
spheric history (Lorius et al., 1990; Petit et al., 1999; Steffensen et al., 2008). However, such investigations
have focused on parameters like temperature, greenhouse gases and particulate matter concentrations, or
moisture sources. To our knowledge, we use for the first time ice core material to derive INP concentrations
on historical time scales. We will discuss possible seasonal and long-term trends, elucidate anthropogenic
influences, and provide data for driving, constraining, and evaluating both climate and smaller-scale cloud
resolving models.
2. Experimental
2.1. Drilling Sites and Sampling
We used ice core material from two Arctic sites: Lomonosovfonna (Svalbard) and Summit (Greenland).
Wendl et al. (2015) and Blunier et al. (1993) already dated and characterized (see 2.1.1 and 2.1.2) these ice
cores, respectively. For the present study, samples were freshly cut from the remaining parts of the original
ice cores. During the transport of the samples between laboratories, storage at a temperature well below 0
◦C was ensured. At the Leibniz Institute for Tropospheric Research (TROPOS) the samples were stored at
−24 ◦C until analysis.
2.1.1. Lomonosovfonna Ice Core
This ice core, hereafter referred as Lomo09, was drilled on the Lomonosovfonna glacier (Svalbard; 1,202
m above sea level; 78◦49'24”N, 17◦25'59”E) in 2009. The core was dated with a combination of reference
horizons (1963 tritium peak and major volcanic eruptions), annual layer counting, 210Pb decay, and a sim-
ple glacier flow model. The absolute dating uncertainty for the core varies between ±1 year and ±10 years
depending on depth and proximity to reference horizons. Concentrations of water soluble major ions were
determined, which will be used as complementary information to the INP analysis.
2.1.2. Central Greenland Ice Core
This ice core, hereafter referred as EUROCORE, was drilled at Summit (Central Greenland; 72.58◦N,
37.64◦W) in 1989, at the location of the Greenland Ice Core Program (GRIP). The core was dated with
an accuracy of ±2 years by a combination of annual layer counting based on stable water isotopes, elec-
trical conductivity, and chemical data, with identification of volcanic reference horizons. Complementary
information useful in context of INP analysis is lacking.
2.2. Measurement of INP Concentrations
We performed INPmeasurements with the two droplet freezing arrays LINA (Leipzig Ice Nucleation Array)
and INDA (Ice Nucleation Droplet Array), based on the measurement principles described in Budke and
Koop (2015) andConen et al. (2012), respectively. The LINA instrument holds 90 drops of 1-𝜇l volume,while
INDAuses 96 drops with a volume of 50 𝜇l. The average T50 (temperature where 50% of the drops are frozen)
for the measurement of ultrapure water with LINA is −24.8 ◦C, and for INDA T50 = −24.4 ◦C. Further
information regarding the measurement techniques can be found in the supporting information (SI).
2.2.1. Derivation of the Atmospheric INP Concentration
Petters and Wright (2015) derived atmospheric INP concentrations from precipitation samples. We argue
that their method is also applicable to ice core samples, since ice cores are accumulated from snow precipi-
tation. While particles found in ice cores originate from both dry and wet deposition, it is generally assumed
that particles are conserved once occluded in the ice. Wet deposition dominates in the Arctic due to the high
snow accumulation (Fischer et al., 2007; Gao et al., 2007). Therefore, we adopt the procedure from Petters
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Figure 1. Time series of NINP at −20 ◦C (a), −15 ◦C (b), and −10 ◦C (c) for multiyear and subyear samples at both
sites. Note that NINP at −20 and −15 ◦C have been obtained with the Leipzig Ice Nucleation Array device, whereas
NINP at −10 ◦C have been measured with the Ice Nucleation Droplet Array device. Error bars indicate the uncertainty
rooting in the methodology itself due to the Poisson distribution of INP (see supporting information for further details).
As a reference, black dashed horizontal lines are included which show the range of values observed by Petters and
Wright (2015) for present North America and Europe. The shaded grayish area delineates a period of reduced Arctic
sea ice extent found by Kinnard et al. (2011), and shaded reddish areas show intervals of particularly warm summers
on Svalbard by D'Andrea et al. (2012). The black vertical line indicates the period of the 1783CE Laki eruption as
defined in Fiacco et al. (1994). INP = ice nucleating particle.
and Wright (2015) for estimating atmospheric INP concentrations from ice core water samples. However,
it cannot be excluded that a small portion of the INPs measured from ice core samples originate from dry
deposition. INP from ice core samples should therefore be seen as an upper maximum.
The basic idea behind the derivation is to relate the concentration of INP in the precipitation sample (number
of INP per volume of precipitation) to the concentration of INP in the air (number of INP per volume of air)
through the condensed water content (CWC), that is,the amount of precipitable water per volume of air.
NINP(L−1water)∕CWC(Lwater∕Lair) = NINP(L−1air) (1)
A key uncertainty in this conversion is the CWC itself, which can vary between 0.2 and 0.8 g/m3 (Petters &
Wright, 2015). We calculate the atmospheric NINP values with CWC = 0.4 g/m3, which leads to an uncer-
tainty of a factor of 2. Model studies and field observations of Arctic clouds show that in the Arctic a CWC
of 0.4 g/m3 is rarely exceeded (Lawson et al., 2001; Leaitch et al., 2016; Stevens et al., 2018). Therefore, the
used value for the CWC can be seen as an upper bound and the resulting uncertainty might even be smaller
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Figure 2. Time series of black carbon, non-sea-salt sulfate (nss-SO2−4 ), and
ammonium (NH+4 ) derived from the melt water of Lomo09. Gray dots show
the individual values, while the colored lines are the rolling means of 40
values. Original data from Osmont et al. (2018) for black carbon and Wendl
et al. (2015) for nss-SO2−4 and NH
+
4 . The shaded reddish areas show
intervals of particularly warm summers on Svalbard by D'Andrea et al.
(2012).
than a factor of 2. Further uncertainties are the presence of dissolved
solutes and chemical aging of INP leading to estimated uncertainties of
less than one order of magnitude. Petters andWright (2015) also mention
preconcentration of INP in the precipitated water due to high precipi-
tation evaporation rates as factor to be considered at certain sampling
locations (dry climates, e.g., Antarctica, and high cloud base). However,
due to the usually low cloud bases (Morrison et al., 2011; Shupe et al.,
2006, 2013) and high humidity below the clouds in the Arctic (Maturilli
et al., 2013; Shupe et al., 2013), we consider this effect negligible for
our study.
3. Results
Forty-two samples were investigated from the Lomo09 ice core covering
the period from 1480 to 1949CE. Six of these samples span periods of 2 to
6 years (hereafter referred to as multiyear samples), while the remaining
36 samples span several months (hereafter referred to as subyear sam-
ples). The subyear samples are a subset of themultiyear samples, covering
similar periods, but with higher temporal resolution (see SI Table S3).
Twenty-seven multiyear samples of the EUROCORE ice core were ana-
lyzed, each covering 2 to 5 years and representing the period from 1735
to 1989CE (see SI Table S4). No subyear samples were available for this
ice core.
Figure 1 presents a time series of NINP at −20, −15, and −10 ◦C. As
reference, the minimum and maximum NINP(T) observed by Petters &
Wright (2015; black dashed horizontal lines) are included, indicating the
range of NINP obtained from precipitation samples collected mainly in
present-day North America and Europe. Periods with different character-
istics are highlighted in the figure: reduced Arctic sea ice extent (Kinnard
et al., 2011), shaded grayish area, intervals of particularly warm summers
on Svalbard (D'Andrea et al., 2012), shaded reddish areas, and the period
of the 1783CE Laki eruption as defined in Fiacco et al. (1994), vertical
black line. The temperatures were chosen to be representative for the
mixed-phase cloud temperature regime, while still providing a good tem-
poral coverage with data points (the full freezing curves are given in the
SI). A Poisson distribution of INP characterizes our measurement methodology. Hence, the measurement
uncertainty of each data point depends on the underlying number of frozen droplets (see SI and Figure 3).
At both locations NINP of the multiyear samples feature no clear trend and vary during the past 500 years
mostly within the range reported by Petters andWright (2015). The subyear samples display a similar, if not
larger variation.
In Figure 2, time series of black carbon (BC; Osmont et al., 2018), non-sea-salt sulfate (nss-SO2−4 ), and
ammonium (NH+4 ), both from Wendl et al. (2015), are shown for the Lomo09 ice core. All three time series
are influenced by anthropogenic emissions: BC originates primarily from fossil fuel and biomass burning;
NH+4 from agriculture, livestock, and biomass burning; and nss-SO
2−
4 from fossil fuel combustion and metal
smelting. Sudden peaks in nss-SO2−4 concentrations can also be attributed to volcanic eruptions, such as the
eruption of the Laki fissure (Iceland) in 1783CE. It can clearly be seen that all concentrations show increas-
ing trends toward the present. BC increased from preindustrial times (before 1700 CE) to the last decades
of the twentieth century (since 1950CE) by a factor of 7.6, nss-SO2−4 by a factor of 4.5, and NH
+
4 by a fac-
tor of 1.99. However, in Figure 1, no comparable clear overall trend in NINP can be observed at none of the
freezing temperatures. At −20 ◦C samples from the EUROCORE ice core show medium-range NINP values
with comparatively little variation (between 0.1 and 1.0 L−1 air) from 1734 to 1840 CE, followed by a period
with generally higher values, and also a larger variability (1840–1938CE), followed again by a period of
medium-range values. For the Lomo09 ice core it is difficult to assign periods in a similar fashion, since the
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samples cluster around six narrow time windows. However, it is worth mentioning, that the highest NINP
was observed subsequent to a warm period on Svalbard from 1750 to 1780CE (D'Andrea et al., 2012).
In the following, we will discuss the time series and suggest hypothesis whenever possible.
4. Discussion
There are two key findings in the above presented result: First, our results indicate that NINP varied within
the same range as present-day observations and a long-term trend was not obvious. Second, the subyear
samples show a larger variability of NINP.
Human activity has been responsible for the change in specific atmospheric components since the indus-
trial revolution around 1750CE (Solomon, 2007). Figure 2 shows that anthropogenic emissions have clearly
modified the aerosol characteristics in the Arctic; however, there seems to be no evident effect on the INP
concentration. In fact, this observation is to be expected: Current knowledge of effects of anthropogenic
emission on INP shows that apart from BC, which might act as INP through deposition freezing in cirrus
cloud regimes (DeMott et al., 1999; Dymarska et al., 2006; Jensen & Toon, 1997) influences are negligible
(Chen et al., 2018). Biomass burning can be another source of BC and INPmay be co-emitted. However, the
INP associated with biomass burning are generally ice active at low temperatures (McCluskey et al., 2014;
Petters et al., 2009; Prenni et al., 2012). Also, Borys (1989) did not see a correlation between INP and Arctic
haze aerosol, which consists mainly of accumulated anthropogenic pollution. This is in line with the find-
ings presented herein: the increase in anthropogenic emissions transported into the Arctic does not result
in an increase in NINP. Volcanoes can have climatic impacts on global scales, and some samples used in this
study were explicitly chosen to have temporal overlap with volcanic eruptions: for example, sample T139
covers the whole Laki eruption and the year after the eruption ended (an enlargement of this period can be
found in the SI Figure S5). Volcanic ashes mainly act as INP at lower temperatures (< −23 ◦C), except for
supermicron particles, which can initiate freezing already at around−13 ◦C (Durant et al., 2008; Gibbs et al.,
2015; Hoyle et al., 2011). Nevertheless, neither the EUROCORE nor the Lomo09 samples show significantly
enhanced NINP during times of an volcanic eruption. A reason may be that large ice active ash particles are
not transported to the ice core sites. For both ice cores used in this study no data about the ash particle con-
centration is available, but the studies by Fiacco et al. (1994) and Kekonen et al. (2005) confirm that tephra
originating from the 1783 CE Laki fissure eruption can be found in ice cores, which were drilled in close
proximity (<30 km) to the EUROCORE and Lomo09 sites, respectively. From Fiacco et al. (1994) an upper
limit for the concentrations of supermicron tephra particles, which are known to be highly ice active, can
be derived and compared to NINP. Fiacco et al. (1994) found in ice core water up to 1 particle L−1, but only
roughly 4 ∗ 10−3 L−1 could be identified as ash particles in the size range between 1 and 10 𝜇m. NINP at −15
◦C ranges from roughly 103 to 107 L−1 in ice core water; that is, the ash particle concentration derived from
Fiacco et al. (1994) is orders of magnitudes lower. Hence, it is not surprising that we do not detect higher
NINP connected to volcanic eruptions, even in a case of a major eruption in close proximity.
We observe that the short-term variability of NINP is similar or even larger than the long-term variation
displayed over the centuries in both ice cores. Short-term variations (hourly to daily) of a similar order of
magnitude were already described by Bigg (1961), Bigg and Leck (2001), and Welti et al. (2018). The former
two studies attribute this to wind direction and intermittent mixing of air from above cloud base toward
the surface. Welti et al. (2018) explain the variability with the nature of the source and, for example, mix-
ing during transport. They state that the frequency distribution of INP concentrations is lognormal as a
consequence of successive random dilution events during their transport and that the shape of the distri-
bution allows conclusions on the proximity of the source. The INP population experiences more random
mixing with elongated transport. As a consequence, the frequency distribution broadens and follows more
the shape of a log-normal distribution. A similar in-depth analysis is not possible for this study due to the
comparatively low number of samples, but it was tested if NINP follows a lognormal distribution at eight
selected temperatures (see SI Table S1 for the Lomo09 samples and Table S2 for EUROCORE. In both ice
cores we see evidence that primarily at lower temperatures the data came from a lognormally distributed
population (significance level 𝛼 = 0.05). Thus, long-range transport is a probable source for INP, which are
ice active at lower temperatures. Accordingly, for INP that are ice active at higher temperatures, long-range
transport is less likely to be the source. However, it cannot be excluded entirely. As a consequence, also an
Arctic, possibly local, sources should be considered for INP ice active at high temperatures.
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Figure 3. Exemplary selection of INP spectra from samples of both ice cores, showing indication for biogenic INP
(greenish colors) and those which do not (purplish colors). Dots indicate INDA measurements and crosses indicate
LINA measurements. Individual curves are labeled consistently with the sample list in the SI. Framed in black is an
instance of a step-like increase as described in the discussion (section 4). For samples T057.2 and T057.4 the respective
error bars of the INDA and LINA data are shown. For clarity only these exemplary error bars are shown. For
information on their derivation refer to the SI. The gray shaded area denotes the envelope of all measurements of
precipitation samples made by Petters and Wright (2015). INP = ice nucleating particle; INDA = Ice Nucleation
Droplet Array; LINA = Leipzig Ice Nucleation Array; SI = supporting information.
Sources from within the Arctic, especially the emergence and vanishing of biological particle sources due
to changes in the ice cover, are a possible reason for changes in NINP (roughly 1 to 2 orders of magnitude)
during seasonal transitions (Bigg, 1996; Bigg & Leck, 2001; Creamean et al., 2018; Wex et al., 2018). While
the subyear samples of our study show a respective pattern, we do not find a statistically significant sea-
sonal variation with high NINP during a particular season. This might be connected to the fact that even the
subyear samples often cover several months, whichmeans that they often represent different seasons. Addi-
tionally, uncertainty in dating, particularly for the samples that accumulated longer ago, might play a role.
Nevertheless, many samples in our study exhibit high NINP already at relatively high temperatures (cf. SI
Figures S3 and S4), which is indicative of biogenic INP (Christner et al., 2008; Lindow et al., 1982; O'Sullivan
et al., 2018; Turner et al., 1991). The shape of the respective INP spectra also hints at biological INP since a
step-like increase (Figure 3) is indicative for those (Beydoun et al., 2017; Welti et al., 2018). Therefore, it is
likely that biological INP have contributed to the Arctic INP population throughout the past centuries.
Hicks and Isaksson (2006) show that birch (Betula) and juniper (Juniperus) pollen, both highly ice active, is
present in ice cores from Lomonosovfonna, but the lack of temporal overlap between their and our samples
hinders further comparisons. Results from the pollen analysis of the EUROCORE ice core show that the two
samples (spanning 12.1 and 13.6 years) with the highest concentrations of Betula alba pollen occur in the
same period where some of the highest and most variable NINP (−20 ◦C) are observed (Brugger et al., 2019).
A further distinction between the continental biological species of the Arctic aerosol (Fu et al., 2013; Hicks
& Isaksson, 2006; Moffett et al., 2015; Santl-Temkiv et al., 2018), which can also be ice active (Pummer et al.,
2015), and the INP of marine origin (DeMott et al., 2016; Leck & Bigg, 2005; Schnell, 1977; Schnell & Vali,
1975, 1976; Wilson et al., 2015), is not possible. The correlation plot in the SI (Figure S6) shows no clear
correlation between NINP at selected temperatures and concentrations of different chemical parameters for
the Lomo09 ice core, preventing further statements about the nature of the INP.
4.1. Atmospheric and Postdepositional Alteration of INP
INPmay already be subject to alteration during their transport in the atmosphere, althoughnotmany studies
on that topic exist. Amato et al. (2015) show that typical IN active bacteria retain their activity on time scales
characteristic for the transport between the source and the cloud. Gute and Abbatt (2018) report no effect on
IN activity due to UV or sunlight exposure; however, for deposition freezing mode they found that chemical
in-cloud oxidation lowers the IN activity of pollen but not of mineral dust.
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Postdepositional processes may alter the properties of INP, for instance, due to exposure to air and UV radia-
tion, which is a concern especially for biological INP. Approximately 85% of photochemical reactions occur
in the top 10 cm of the snowpack (King& Simpson, 2001). For Lomonosovfonna, with an average annual net
accumulation of 0.58-m water equivalent and a density of 0.4 g/cm3, a net accumulation of 12-cm snow per
month is observed, so that the exposure time to photochemical reactions is less than amonth. It is unclear if
this is sufficient to change IN activity. To our knowledge, the only data available are numbers of viable bac-
teria, which did not correlate with the age of the ice. Ice deposited more than 12,000 years ago under cool,
wet climate conditions on Sajama, Bolivia, contained more recoverable bacteria than modern ice, deposited
at the same location during a warmer, dryer period (Christner et al., 2000). Even 5,000-year-old pollen grains
are well preserved in ice and do not show any indication of deterioration, when visually inspected under the
microscope (Brugger et al., 2018). Polen et al. (2016) postulate a shift of the freezing curves toward lower
temperatures with increasing storage time and successive freeze/thaw cycles. However, the correlations in
their presented data are not unambiguous and the observed temperature shift does not exceed 3 ◦C.
Under certain conditions like presence of liquid water and nutrients, bacteria and algae can grow on the
glacier surface. In the Lomonosovfonna ice core, we identified a few millimeters thick layers containing
colored particles, presumably snow algae. These layers were not collected for INP analysis.
Harrison et al. (2016), Kumar et al. (2018), and Peckhaus et al. (2016) investigated how feldspars, mainly
K-feldspars, as representative for the most IN active mineral dust particles, deteriorate over a period of up to
16 months when kept in liquid water. In general, only a slight reduction in IN activity for feldspar particles
was observed. A single exception was a sample of hyperactive albite in the study of Harrison et al. (2016),
whose mean freezing temperature decreased by 16 ◦C. Kumar et al. (2018) additionally found that various
solutes affect the IN activity of K-feldspar particles differently. However, their solute concentrations were 5
to 6 orders of magnitude higher compared to those found by Wendl et al. (2015) in the Lomo09 ice core.
The Lomonosovfonna glacier experiences recurrent summer melting, which can alter the ice core records
due towater percolation through the snowpack, leading to relocation of chemical compounds or even runoff
in the warmest years. However, Pohjola et al. (2002) and Vega et al. (2016) concluded that most of the
atmospheric signal was preserved at an annual or a biannual resolution, and at a decadal resolution melt
impact was negligible on ionic species (Wendl et al., 2015). It is conceivable that melt events can result in
the relocation of INP by several years.
Overall, literature suggests that biological and mineral INP deteriorate only slightly over time, if at all. Also,
we do not observe a pronounced decrease in ice activity over time. This might be a further indication that
INP are indeed well preserved in ice cores and that ice cores enable a reconstruction of INP concentrations
in past climates.
5. Summary and Conclusion
To our knowledge, we present for the first time historic concentrations of INP (NINP) over the past 500 years
derived from ice core material at two Arctic sites. The range of INP concentrations was found to be similar
to present-day observations (Petters & Wright, 2015) and without long-term trend. NINP did not increase
since the beginning of the industrialization, suggesting that anthropogenic pollution reaching the Arctic
has not affectedNINP. High onset temperatures for IN and the general shape of theNINP spectra indicate the
presence of biogenic INP. For those, a local Arctic source that is more active during a particular time of the
year is likely. However, with the available data it is not possible to differentiate betweenmarine or terrestrial
sources. Although the here presented record of Arctic INP concentrations does not exhibit a clear trend
throughout the past 500 years, in view of Arctic Amplification, it has to be kept in mind that the present
changes in the Arctic are unprecedented in speed and intensity. New sources of highly ice active biogenic
INP may arise or existing ones could be amplified (Arrigo et al., 2008). This is a clear motivation for more
studies on sources and transport of Arctic INP. To better understand the implications of potential future
changes in INP concentrations, ideally, focused studies would
1. produce a continuous record of NINP in ice cores that represent the last few centuries,
2. extend the historical record of NINP back in time, preferably when significant global climatic changes
happened (e.g., Last Glacial Maximum),
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3. include joint chemical and biological analysis of substances and species relevant for INP,which are needed
for their source apportionment,
4. cover ice cores frommultiple sites around the Arctic, helping to investigate the spatial distribution of INP,
and
5. link historicNINP records with results from intense present-day field campaigns that study INP character-
istics.
References
Amato, P., Joly,M., Schaupp, C., Attard, E., Möhler, O.,Morris, C. E., et al. (2015). Survival and ice nucleation activity of bacteria as aerosols
in a cloud simulation chamber. Atmospheric Chemistry and Physics, 15(11), 6455–6465. https://doi.org/10.5194/acp-15-6455-2015
Arrigo, K. R., van Dijken, G., & Pabi, S. (2008). Impact of a shrinking Arctic ice cover on marine primary production. Geophysical Research
Letters, 35, L19603. https://doi.org/10.1029/2008GL035028
Augustin-Bauditz, S.,Wex,H., Denjean, C., Hartmann, S., Schneider, J., Schmidt, S., et al. (2016). Laboratory-generatedmixtures ofmineral
dust particles with biological substances: Characterization of the particle mixing state and immersion freezing behavior. Atmospheric
Chemistry and Physics, 16(9), 5531–5543. https://doi.org/10.5194/acp-16-5531-2016
Beydoun,H., Polen,M., & Sullivan, R. C. (2017). A newmulticomponent heterogeneous ice nucleationmodel and its application to Snomax
bacterial particles and a Snomaxillite mineral particle mixture. Atmospheric Chemistry and Physics, 17(22), 13,545–13,557. https://doi.
org/10.5194/acp-17-13545-2017
Bigg, E. K. (1961). Natural atmospheric ice nuclei. Science Progress, 49(195), 458–475.
Bigg, E. K. (1996). Ice forming nuclei in the high Arctic. Tellus B, 48(2), 223–233. https://doi.org/10.1034/j.1600-0889.1996.t01-1-00007.x
Bigg, E. K., & Leck, C. (2001). Cloud-active particles over the central Arctic Ocean. Journal of Geophysical Research, 106(D23),
32,155–32,166. https://doi.org/10.1029/1999JD901152
Blunier, T., Chappellaz, J. A., Schwander, J., Barnola, J.-M., Desperts, T., Stauffer, B., & Raynaud, D. (1993). Atmospheric methane, record
from a Greenland Ice Core over the last 1000 year. Geophysical Research Letters, 20(20), 2219–2222. https://doi.org/10.1029/93GL02414
Borys, R. D. (1989). Studies of ice nucleation by Arctic aerosol on AGASP-II. Journal of Atmospheric Chemistry, 9(1–3), 169–185. https://
doi.org/10.1007/BF00052831
Brugger, S. O., Gobet, E., Blunier, T., Morales-Molino, C., Lotter, A., Fischer, H., et al. (2019). Palynological insights into global
change impacts on Arctic vegetation, fire, and pollution recorded in Central Greenland ice. The Holocene. https://doi.org/10.1177/
0959683619838039
Brugger, S. O., Gobet, E., Sigl, M., Osmont, D., Papina, T., Rudaya, N., et al. (2018). Ice records provide new insights into climatic
vulnerability of Central Asian forest and steppe communities. Global and Planetary Change, 169, 188–201. https://doi.org/10.1016/
j.gloplacha.2018.07.010
Budke, C., & Koop, T. (2015). BINARY: An optical freezing array for assessing temperature and time dependence of heterogeneous ice
nucleation. Atmospheric Measurement Techniques, 8(2), 689–703. https://doi.org/10.5194/amt-8-689-2015
Chen, J., Wu, Z., Augustin-Bauditz, S., Grawe, S., Hartmann, M., Pei, X., et al. (2018). Ice-nucleating particle concentrations unaffected by
urban air pollution in Beijing, China. Atmospheric Chemistry and Physics, 18(5), 3523–3539. https://doi.org/10.5194/acp-18-3523-2018
Christner, B. C., Morris, C. E., Foreman, C. M., Cai, R., & Sands, D. C. (2008). Ubiquity of biological ice nucleators in snowfall. Science,
319(5867), 1214–1214. https://doi.org/10.1126/science.1149757
Christner, B. C., Mosley-Thompson, E., Thompson, L. G., Zagorodnov, V., Sandman, K., & Reeve, J. N. (2000). Recovery and identification
of viable bacteria immured in glacial ice. Icarus, 144(2), 479–485. https://doi.org/10.1006/icar.1999.6288
Conen, F., Henne, S., Morris, C. E., & Alewell, C. (2012). Atmospheric ice nucleators active≥ − 12 ◦ C can be quantified on PM 10 filters.
Atmospheric Measurement Techniques, 5(2), 321–327. https://doi.org/10.5194/amt-5-321-2012
Creamean, J.M., Kirpes, R.M., Pratt, K. A., Spada, N. J., Maahn,M., de Boer, G., et al. (2018).Marine and terrestrial influences on ice nucle-
ating particles during continuous springtimemeasurements in anArctic oilfield location.AtmosphericChemistry andPhysicsDiscussions,
18, 1–28. https://doi.org/10.5194/acp-2018-545
D'Andrea, W. J., Vaillencourt, D. A., Balascio, N. L., Werner, A., Roof, S. R., Retelle, M., & Bradley, R. S. (2012). Mild Little Ice Age and
unprecedented recent warmth in an 1800 year lake sediment record from Svalbard.Geology, 40(11), 1007–1010. https://doi.org/10.1130/
G33365.1
DeMott, P. J., Chen, Y., Kreidenweis, S. M., Rogers, D. C., & Sherman, D. E. (1999). Ice formation by black carbon particles. Geophysical
Research Letters, 26(16), 2429–2432. https://doi.org/10.1029/1999GL900580
DeMott, P. J., Hill, T. C. J., McCluskey, C. S., Prather, K. A., Collins, D. B., Sullivan, R. C., et al. (2016). Sea spray aerosol as a unique source of
ice nucleating particles. Proceedings of the National Academy of Sciences, 113(21), 5797–5803. https://doi.org/10.1073/pnas.1514034112
DeMott, P. J., Sassen, K., Poellot, M. R., Baumgardner, D., Rogers, D. C., Brooks, S. D., et al. (2003). African dust aerosols as atmospheric
ice nuclei. Geophysical Research Letters, 30(14), 1732. https://doi.org/10.1029/2003GL017410
Durant, A. J., Shaw, R. A., Rose, W. I., Mi, Y., & Ernst, G. G. J. (2008). Ice nucleation and overseeding of ice in volcanic clouds. Journal of
Geophysical Research, 113, D09206. https://doi.org/10.1029/2007JD009064
Dymarska, M., Murray, B. J., Sun, L., Eastwood, M. L., Knopf, D. A., & Bertram, A. K. (2006). Deposition ice nucleation on soot at
temperatures relevant for the lower troposphere. Journal of Geophysical Research, 111, D04204. https://doi.org/10.1029/2005JD006627
Fiacco, R. J., Thordarson, T., Germani, M. S., Self, S., Palais, J. M., Whitlow, S., & Grootes, P. M. (1994). Atmospheric aerosol loading
and transport due to the 1783-84 Laki eruption in Iceland, interpreted from ash particles and acidity in the GISP2 ice core. Quaternary
Research, 42(3), 231–240. https://doi.org/10.1006/qres.1994.1074
Fischer, H., Siggaard-Andersen, M.-L., Ruth, U., Röthlisberger, R., & Wolff, E. (2007). Glacial/interglacial changes in mineral dust and
sea-salt records in polar ice cores: Sources, transport, and deposition. Reviews of Geophysics, 45, RG1002. https://doi.org/10.1029/
2005RG000192
Fu, P. Q., Kawamura, K., Chen, J., Charrière, B., & Sempérée, R. (2013). Organic molecular composition of marine aerosols over the Arctic
Ocean in summer: Contributions of primary emission and secondary aerosol formation. Biogeosciences, 10(2), 653–667. https://doi.org/
10.5194/bg-10-653-2013
Gao, C., Oman, L., Robock, A., & Stenchikov, G. L. (2007). Atmospheric volcanic loading derived from bipolar ice cores: Accounting for
the spatial distribution of volcanic deposition. Journal of Geophysical Research, 112, D09109. https://doi.org/10.1029/2006JD007461
Acknowledgments
We gratefully acknowledge the
funding by the Deutsche
Forschungsgemeinschaft (DFG,
German Research Foundation)
268020496 TRR 172, within the
Transregional Collaborative Research
Center “ArctiC Amplification: Climate
Relevant Atmospheric and SurfaCe
Processes, and Feedback Mechanisms
(AC)3”. Freezing spectra reported in
the manuscript are made available via
csv files in the supporting information
and also at https://doi.pangaea.de/
10.1594/PANGAEA.899048.
HARTMANN ET AL. 8
Geophysical Research Letters 10.1029/2019GL082311
Gibbs, A., Charman,M., Schwarzacher,W., & Rust, A. C. (2015). Immersion freezing of supercooled water drops containing glassy volcanic
ash particles. GeoResJ, 7, 66–69. https://doi.org/10.1016/j.grj.2015.06.002
Gute, E., & Abbatt, J. P. D. (2018). Oxidative processing lowers the ice nucleation activity of Birch and Alder pollen. Geophysical Research
Letters, 45, 1647–1653. https://doi.org/10.1002/2017GL076357
Harrison, A. D., Whale, T. F., Carpenter, M. A., Holden, M. A., Neve, L., O'Sullivan, D., et al. (2016). Not all feldspar is equal: A survey
of ice nucleating properties across the feldspar group of minerals. Atmospheric Chemistry and Physics Discussions, 16, 1–26. https://doi.
org/10.5194/acp-2016-136
Hicks, S., & Isaksson, E. (2006). Assessing source areas of pollutants from studies of fly ash, charcoal, and pollen from Svalbard snow and
ice. Journal of Geophysical Research, 111, D02113. https://doi.org/10.1029/2005JD006167
Hinzman, L. D., Bettez, N. D., Bolton, W. R., Chapin, F. S., Dyurgerov, M. B., Fastie, C. L., et al. (2005). Evidence and implications of
recent climate change in Northern Alaska and other Arctic regions. Climatic Change, 72(3), 251–298. https://doi.org/10.1007/s10584-
005-5352-2
Hoyle, C. R., Pinti, V.,Welti, A., Zobrist, B., Marcolli, C., Luo, B., et al. (2011). Ice nucleation properties of volcanic ash fromEyjafjallajökull.
Atmospheric Chemistry and Physics, 11(18), 9911–9926. https://doi.org/10.5194/acp-11-9911-2011
Intrieri, J. M. (2002). An annual cycle of Arctic surface cloud forcing at SHEBA. Journal of Geophysical Research, 107(C10), 8039. https://
doi.org/10.1029/2000JC000439
Jensen, E. J., & Toon, O. B. (1997). The potential impact of soot particles from aircraft exhaust on cirrus clouds.Geophysical Research Letters,
24(3), 249–252. https://doi.org/10.1029/96GL03235
Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-Kohn, M., Cziczo, D. J., & Krämer, M. (2017). Overview of ice nucleating particles.
Meteorological Monographs, 58, 1.1–1.33. https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1
Kekonen, T., Moore, J., Perämäki, P., & Martma, T. (2005). The Icelandic Laki volcanic tephra layer in the Lomonosovfonna ice core,
Svalbard. Polar Research, 24(1-2), 33–40. https://doi.org/10.1111/j.1751-8369.2005.tb00138.x
King, M. D., & Simpson, W. R. (2001). Extinction of UV radiation in Arctic snow at Alert, Canada (82N). Journal of Geophysical Research,
106(D12), 12,499–12,507. https://doi.org/10.1029/2001JD900006
Kinnard, C., Zdanowicz, C. M., Fisher, D. A., Isaksson, E, de Vernal, A., & Thompson, L. G. (2011). Reconstructed changes in Arctic sea
ice over the past 1,450 years. Nature, 479(7374), 509–512. https://doi.org/10.1038/nature10581
Kumar, A., Marcolli, C., Luo, B., & Peter, T. (2018). Ice nucleation activity of silicates and aluminosilicates in pure water and aque-
ous solutions Part 1: The K-feldspar microcline. Atmospheric Chemistry and Physics, 18(10), 7057–7079. https://doi.org/10.5194/
acp-18-7057-2018
Lawson, R. P., Baker, B. A., Schmitt, C. G., & Jensen, T. L. (2001). An overview of microphysical properties of Arctic clouds observed in
May and July 1998 during FIRE ACE. Journal of Geophysical Research, 106(D14), 14,989–15,014. https://doi.org/10.1029/2000JD900789
Leaitch,W. R., Korolev, A., Aliabadi, A. A., Burkart, J.,Willis, M. D., Abbatt, J. P., et al. (2016). Effects of 20-100nmparticles on liquid clouds
in the clean summertime Arctic. Atmospheric Chemistry and Physics, 16(17), 11,107–11,124. https://doi.org/10.5194/acp-16-11107-2016
Leck, C., & Bigg, E. K. (2005). Biogenic particles in the surface microlayer and overlaying atmosphere in the central Arctic Ocean during
summer. Tellus B: Chemical and Physical Meteorology, 57(4), 305–316. https://doi.org/10.3402/tellusb.v57i4.16546
Lindow, S. E., Arny, D. C., & Upper, C. D. (1982). Bacterial ice nucleation: A factor in frost injury to plants. Plant Physiology, 70(4),
1084–1089. https://doi.org/10.1104/pp.70.4.1084
Liu, Y., & Key, J. R. (2014). Less winter cloud aids summer 2013 Arctic sea ice return from 2012 minimum. Environmental Research Letters,
9(4), 44002. https://doi.org/10.1088/1748-9326/9/4/044002
Loewe, K., Ekman, A. M., Paukert, M., Sedlar, J., Tjernström, M., & Hoose, C. (2017). Modelling micro- and macrophysical contributors
to the dissipation of an Arctic mixed-phase cloud during the Arctic Summer Cloud Ocean Study (ASCOS). Atmospheric Chemistry and
Physics, 17(11), 6693–6704. https://doi.org/10.5194/acp-17-6693-2017
Lorius, C., Jouzel, J., Raynaud,D.,Hansen, J., &Treut,H. L. (1990). The ice-core record: Climate sensitivity and future greenhousewarming.
Nature, 347(6289), 139–145. https://doi.org/10.1038/347139a0
Maturilli, M., Herber, A., & König-Langlo, G. (2013). Climatology and time series of surface meteorology in Ny-Ålesund, Svalbard. Earth
System Science Data, 5(1), 155–163. https://doi.org/10.5194/essd-5-155-2013
McCluskey, C. S., DeMott, P. J., Prenni, A. J., Levin, E. J., McMeeking, G. R., Sullivan, A. P., et al. (2014). Characteristics of atmospheric
ice nucleating particles associated with biomass burning in the US: Prescribed burns and wildfires. Journal of Geophysical Research:
Atmospheres, 119, 10,458–10,470. https://doi.org/10.1002/2014JD021980
Moffett, B. F., Getti, G., Henderson-Begg, S. K., &Hill, T. C. J. (2015). Ubiquity of ice nucleation in lichen possible atmospheric implications.
Lindbergia, 3(1), 39–43. https://doi.org/10.25227/linbg.01070
Morrison, H., de Boer, G., Feingold, G., Harrington, J., Shupe, M. D., & Sulia, K. (2011). Resilience of persistent Arctic mixed-phase clouds.
Nature Geoscience, 5(1), 11–17. https://doi.org/10.1038/ngeo1332
Murray, B. J., O'Sullivan, D., Atkinson, J. D., & Webb, M. E. (2012). Ice nucleation by particles immersed in supercooled cloud droplets.
Chemical Society Reviews, 41(19), 6519. https://doi.org/10.1039/c2cs35200a
O'Sullivan, D., Adams, M. P., Tarn, M. D., Harrison, A. D., Vergara-Temprado, J., Porter, G. C. E., et al. (2018). Contributions of biogenic
material to the atmospheric ice-nucleating particle population in North Western Europe. Scientific Reports, 8(1), 13821. https://doi.org/
10.1038/s41598-018-31981-7
Osmont, D., Wendl, I. A., Schmidely, L., Sigl, M., Vega, C. P., Isaksson, E., & Schwikowski, M. (2018). An 800 year high-resolution black
carbon ice-core record from Lomonosovfonna, Svalbard. Atmospheric Chemistry and Physics Discussions, 18, 1–30. https://doi.org/10.
5194/acp-2018-244
Ovchinnikov,M., Ackerman, A. S., Avramov, A., Cheng, A., Fan, J., Fridlind, A.M., et al. (2014). Intercomparison of large-eddy simulations
ofArcticmixed-phase clouds: Importance of ice size distribution assumptions. Journal ofAdvances inModelingEarth Systems, 6, 223–248.
https://doi.org/10.1002/2013MS000282
Overland, J. E.,Wood, K. R., &Wang,M. (2011).WarmArctic-cold continents: Climate impacts of the newly open arctic sea. Polar Research,
30(SUPPL.1). https://doi.org/10.3402/polar.v30i0.15787
Park, H.-S., Lee, S., Kosaka, Y., Son, S.-W., & Kim, S.-W. (2015). The impact of Arctic winter infrared radiation on early summer sea ice.
Journal of Climate, 28(15), 6281–6296. https://doi.org/10.1175/JCLI-D-14-00773.1
Peckhaus, A., Kiselev, A., Hiron, T., Ebert, M., & Leisner, T. (2016). A comparative study of K-rich and Na/Ca-rich feldspar ice-nucleating
particles in a nanoliter droplet freezing assay. Atmospheric Chemistry and Physics, 16(18), 11,477–11,496. https://doi.org/10.5194/
acp-16-11477-2016
Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J.-M., Basile, I., et al. (1999). Climate and atmospheric history of the past 420,000
years from the Vostok ice core, Antarctica. Nature, 399(6735), 429–436. https://doi.org/10.1038/20859
HARTMANN ET AL. 9
Geophysical Research Letters 10.1029/2019GL082311
Petters, M. D., Parsons, M. T., Prenni, A. J., DeMott, P. J., Kreidenweis, S. M., Carrico, C. M., et al. (2009). Ice nuclei emissions from biomass
burning. Journal of Geophysical Research, 114, D07209. https://doi.org/10.1029/2008JD011532
Petters, M. D., & Wright, T. P. (2015). Revisiting ice nucleation from precipitation samples. Geophysical Research Letters, 42, 8758–8766.
https://doi.org/10.1002/2015GL065733
Pinto, J. O. (1998). Autumnal mixed-phase cloudy boundary layers in the Arctic. Journal of the Atmospheric Sciences, 55(11), 2016–2038.
https://doi.org/10.1175/1520-0469(1998)055h2016:AMPCBLi2.0.CO;2
Pithan, F., & Mauritsen, T. (2014). Arctic amplification dominated by temperature feedbacks in contemporary climate models. Nature
Geoscience, 7(3), 181–184. https://doi.org/10.1038/ngeo2071
Pohjola, V. A., Moore, J., Isaksson, E., Jauhiainen, T., van de Wal, R., Martma, T., et al. (2002). Effect of periodic melting on geochemical
and isotopic signals in an ice core from Lomonosovfonna, Svalbard. Journal of Geophysical Research, 107(D4), 4036. https://doi.org/10.
1029/2000JD000149
Polen, M., Lawlis, E., & Sullivan, R. C. (2016). The unstable ice nucleation properties of Snomax® bacterial particles. Journal of Geophysical
Research: Atmospheres, 121, 11,666–11,678. https://doi.org/10.1002/2016JD025251
Prenni, A. J., Demott, P. J., Sullivan, A. P., Sullivan, R. C., Kreidenweis, S. M., & Rogers, D. C. (2012). Biomass burning as a potential source
for atmospheric ice nuclei: Western wildfires and prescribed burns. Geophysical Research Letters, 39, L11805. https://doi.org/10.1029/
2012GL051915
Prenni, A. J., Harrington, J. Y., Michael, T., DeMott, P. J., Avramov, A., Long, C. N., et al. (2007). Can ice-nucleating aerosols affect arctic
seasonal climate? Bulletin of the American Meteorological Society, 88(4), 541–550. https://doi.org/10.1175/BAMS-88-4-541
Pruppacher, H., &Klett, J. (2010). In R. D. Rosen (Ed.),Microphysics of clouds and precipitation (2nd ed.). Dordrecht, Netherlands: Springer.
https://doi.org/10.1007/978-0-306-48100-0
Pummer, B. G., Budke, C., Augustin-Bauditz, S., Niedermeier, D., Felgitsch, L., Kampf, C. J., et al. (2015). Ice nucleation by water-soluble
macromolecules. Atmospheric Chemistry and Physics, 15(8), 4077–4091. https://doi.org/10.5194/acp-15-4077-2015
Santl-Temkiv, T., Gosewinkel, U., Starnawski, P., Lever,M., & Finster, K. (2018). Aeolian dispersal of bacteria in southwest greenland: Their
sources, abundance, diversity and physiological states. FEMSMicrobiology Ecology, 94(4), 031. https://doi.org/10.1093/femsec/fiy031
Schnell, R. C. (1977). Ice nuclei in seawater, fog water andmarine air off the coast of Nova Scotia: Summer 1975. Journal of the Atmospheric
Sciences, 34(8), 1299–1305. https://doi.org/10.1175/1520-0469(1977)034h1299:INISFWi2.0.CO;2
Schnell, R. C., &Vali, G. (1975). Freezing nuclei inmarinewaters.Tellus, 27(3), 321–323. https://doi.org/10.1111/j.2153-3490. 1975.tb01682.
x
Schnell, R. C., & Vali, G. (1976). Biogenic ice nuclei: Part I. Terrestrial and marine sources. Journal of the Atmospheric Sciences, 33(8),
1554–1564. https://doi.org/10.1175/1520-0469(1976)033h1554:BINPITi2.0.CO;2
Serreze, M. C., & Barry, R. G. (2011). Processes and impacts of Arctic amplification: A research synthesis. Global and Planetary Change,
77(1-2), 85–96. https://doi.org/10.1016/j.gloplacha.2011.03.004
Shupe, M. D., & Intrieri, J. M. (2004). Cloud radiative forcing of the Arctic surface: The influence of cloud properties, surface albedo, and
solar zenith angle. Journal of Climate, 17(3), 616–628. https://doi.org/10.1175/1520-0442(2004)017h0616:CRFOTAi2.0.CO;2
Shupe,M.D.,Matrosov, S. Y., &Uttal, T. (2006). Arcticmixed-phase cloud properties derived from surface-based sensors at SHEBA. Journal
of the Atmospheric Sciences, 63(2), 697–711. https://doi.org/10.1175/JAS3659.1
Shupe, M. D., Persson, P. O. G., Brooks, I. M., Tjernström, M., Sedlar, J., Mauritsen, T., et al. (2013). Cloud and boundary layer interactions
over the Arctic sea ice in late summer.Atmospheric Chemistry and Physics, 13(18), 9379–9399. https://doi.org/10.5194/acp-13-9379-2013
Shupe, M. D., Turner, D. D., Walden, V. P., Bennartz, R., Cadeddu, M. P., Castellani, B. B., et al. (2013). High and dry: New observations of
tropospheric and cloud properties above the Greenland Ice Sheet. Bulletin of the AmericanMeteorological Society, 94(2), 169–186. https://
doi.org/10.1175/BAMS-D-11-00249.1
Shupe,M. D.,Walden, V. P., Eloranta, E., Uttal, T., Campbell, J. R., Starkweather, S.M., & Shiobara,M. (2011). Clouds at Arctic atmospheric
observatories. Part I: Occurrence andmacrophysical properties. Journal of AppliedMeteorology and Climatology, 50(3), 626–644. https://
doi.org/10.1175/2010JAMC2467.1
Si, M., Evoy, E., Yun, J., Xi, Y., Hanna, S., Chivulescu, A., et al. (2018). Concentrations, composition, and sources of ice-nucleating particles
in the Canadian High Arctic during spring 2016. Atmospheric Chemistry and Physics, 19, 1–37. https://doi.org/10.5194/acp-2018-950
Solomon, S. (2007). Climate change 2007—The physical science basis: Working Group I Contribution to The Fourth Assessment Report of the
IPCC (Vol. 4). Cambridge: Cambridge University Press.
Solomon, A., Feingold, G., & Shupe, M. D. (2015). The role of ice nuclei recycling in the maintenance of cloud ice in Arctic mixed-phase
stratocumulus. Atmospheric Chemistry and Physics, 15(18), 10,631–10,643. https://doi.org/10.5194/acp-15-10631-2015
Steffensen, J. P., Andersen, K. K., Bigler, M., Clausen, H. B., Dahl-Jensen, D., Fischer, H., et al. (2008). High-resolution Greenland ice core
data show abrupt climate change happens in few years. Science, 321(5889), 680–684. https://doi.org/10.1126/science.1157707
Stevens, R. G., Loewe, K., Dearden, C., Dimitrelos, A., Possner, A., Eirund, G. K., et al. (2018). A model intercomparison of CCN-limited
tenuous clouds in the highArctic.AtmosphericChemistry andPhysics, 18(15), 11,041–11,071. https://doi.org/10.5194/acp-18-11041-2018
Turner, D. D. (2005). Arctic Mixed-Phase Cloud Properties from AERI Lidar Observations: Algorithm and Results from SHEBA. Journal
of Applied Meteorology, 44(4), 427–444. https://doi.org/10.1175/JAM2208.1
Turner, M. A., Arellano, F., & Kozloff, L. M. (1991). Components of ice nucleation structures of bacteria. Journal of Bacteriology, 173(20),
6515–6527. https://doi.org/10.1128/jb.173.20.6515-6527.1991
Vavrus, S., Holland,M.M., &Bailey, D. A. (2011). Changes inArctic clouds during intervals of rapid sea ice loss.ClimateDynamics, 36(7–8),
1475–1489. https://doi.org/10.1007/s00382-010-0816-0
Vega, C. P., Pohjola, V. A., Beaudon, E., Claremar, B., van Pelt, W. J. J., Pettersson, R., et al. (2016). A synthetic ice core approach to
estimate ion relocation in an ice field site experiencing periodical melt: A case study on Lomonosovfonna, Svalbard. The Cryosphere,
10(3), 961–976. https://doi.org/10.5194/tc-10-961-2016
Welti, A., Müller, K., Fleming, Z. L., & Stratmann, F. (2018). Concentration and variability of ice nuclei in the subtropical maritime
boundary layer. Atmospheric Chemistry and Physics, 18(8), 5307–5320. https://doi.org/10.5194/acp-18-5307-2018
Wendl, I. A., Eichler, A., Isaksson, E., Martma, T., & Schwikowski, M. (2015). 800-year ice-core record of nitrogen deposition
in Svalbard linked to ocean productivity and biogenic emissions.Atmospheric Chemistry and Physics, 15(13), 7287–7300. https://doi.org/
10.5194/acp-15-7287-2015
Wex, H., Huang, L., Zhang, W., Hung, H., Traversi, R., Becagli, S., et al. (2018). Annual variability of ice nucleating particle concentrations
at different Arctic locations. Atmospheric Chemistry and Physics Discussions, 1–31. https://doi.org/10.5194/acp-2018-1274
Wilson, T. W., Ladino, L. A., Alpert, P. A., Breckels, M. N., Brooks, I. M., Browse, J., et al. (2015). A marine biogenic source of atmospheric
ice nucleating particles. Nature, 525(7568), 234–238. https://doi.org/10.1038/nature14986
HARTMANN ET AL. 10
